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 2 
ABSTRACT 28 
New evidence in aerobiology challenges the assumption that geographical isolation is an 29 
effective barrier to microbial transport. However, given the uncertainty with which 30 
aerobiological organisms are recruited into existing communities, the ultimate impact of 31 
microbial dispersal is difficult to assess. To evaluate the ecological significance of global-32 
scale microbial dispersal, molecular genetic approaches were used to examine microbial 33 
communities inhabiting fumarolic soils on Mt. Erebus, the southernmost geothermal 34 
site on Earth. There, hot, fumarolic soils provide an effective environmental filter to test 35 
the viability of organisms that have been distributed via aeolian transport over 36 
geological time. We find that cosmopolitan thermophiles dominate the surface, 37 
whereas endemic Archaea and members of poorly understood Bacterial candidate 38 
divisions dominate the immediate subsurface. These results imply that aeolian 39 
processes readily disperse viable organisms globally, where they are incorporated into 40 
pre-existing complex communities of endemic and cosmopolitan taxa.  41 
  42 
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INTRODUCTION 43 
Aeolian transport of microbes is the primary assumption inherent to Louren Baas 44 
Becking's hypothesis that "everything is everywhere, but the environment selects"1. 45 
Aerosolized microbes may originate from agricultural fields 2, sewage treatment centers 46 
3, geothermal springs 4, any surface exposed to sufficient wind force 5, and  large-scale 47 
volcanic eruptions6. Organisms that have been independently aerosolized or attached to 48 
dust particles can be transported thousands of kilometers, which presumably allows 49 
microbes to easily move between continents and hemispheres 7-11. 50 
The study of aerobiology is making great strides in showing that viable cells are attached 51 
to particles that are moved atmospherically 11,12. However, these findings support only 52 
one of the two requirements for aeolian dispersal. While survival of cells on aeolian 53 
particles is necessary, successful dispersal of microorganisms also requires successful 54 
colonization of new habitats13. The presence of viable cells on actively transported 55 
particulates is therefore not sufficient to show that aeolian transport is capable of 56 
microbial dispersal.  57 
An ideal site for examining global-scale microbial dispersal would be one that is 58 
geographically isolated from similar sites and has habitat that is highly selective for 59 
viable organisms13. Mt. Erebus, located on Ross Island in Victoria Land, Antarctica, fits 60 
these criteria extremely well 14. It is the southernmost active volcano on Earth and 61 
possesses unique high-elevation geothermal features, such as ice caves and ice-free 62 
 4 
fumarolic ground that are located near its 3794m summit 15.  The geothermal features 63 
on Mt. Erebus are separated from similar features on distant volcanoes by hundreds of 64 
kilometers of snow and ice, ensuring that locally-sourced microbes are psychrophilic. 65 
The warm environments that are created by geothermal activity actively select against 66 
local psychrophiles, and encourage the growth of viable thermophiles and mesophiles 67 
that are endemic or have been sourced from distant features.  68 
The Tramway Ridge Antarctic Specially Protected Area (ASPA) (Figure 1a-d), located 69 
approximately 1.5 km NW of the main crater of Erebus at an elevation between 3350 70 
and 3400 m, is an extensive warm fumarolic area protected by international treaty as a 71 
site of particular biological interest (ASPA 130 Management Plan). It is located at the 72 
terminus of a lava flow that is approximately 10,000 years old and is composed primarily 73 
of phonolite, a fine-grained volcanic rock of alkali feldspars and nepheline 16. A loose 74 
layer, as deep as 10 cm, of highly altered mineral soils lies atop the phonolitic base15. 75 
Within this ice-free area, small fumaroles emit steam and CO2, maintaining year-round 76 
average surface temperatures of 60-65C even during the coldest part of winter when 77 
air temperatures drop below -55°C 17. Subsurface concentrations of CO2 and gas efflux 78 
rates vary considerably, even between fumaroles in close proximity18. Fumaroles are 79 
characterized by a neutral to mildly alkaline pH and are surrounded by steep lateral 80 
decreasing pH and temperature gradients that support unique assemblages of mosses 81 
and cyanobacterial mats7,17.  82 
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A preliminary molecular community analysis of shallow (~2-4 cm depth) lateral transects 83 
showed that bacterial community structure varies significantly across much of the cool 84 
(<60oC), low-pH (<7) expanse of Tramway Ridge; however, hot, neutral-pH steaming 85 
fumaroles share bacterial communities that are similar to one another 17. The study 86 
showed that the fumaroles themselves are likely dominated by endemic taxa, including 87 
deep-branching Planctomycetes, Acidobacteria and Chloroflexi, as well as many novel, 88 
potentially division-level lineages with no known relatives 17. The few Archaea observed 89 
at Tramway Ridge were all classified as Crenarchaeota and were most similar to 90 
environmental clones from subsurface environments in South Africa 19 and central 91 
Europe 20. 92 
The aim of the current study is to examine the relevance of aeolian transport in the 93 
assembly of the microbial community inhabiting the fumarolic soils of Tramway Ridge. 94 
We characterize the composition of microbial communities with respect to depth within 95 
fumaroles at Tramway Ridge, determine which taxa are dominant, and identify 96 
physicochemical factors that might structure communities within fumaroles. Vertical 97 
profiles were collected at two 65C fumaroles: one fumarole that vigorously emitted 98 
CO2 and steam (active site, Figure 1e) and another that was visibly less active (passive 99 
site, Figure 1f). Amplicon pyrosequencing is used to assess community composition and 100 
structure within the soil profile at each fumarole, while shotgun DNA sequencing 101 
enables the reconstruction of full-length 16S rRNA genes that are used for high-102 
resolution phylogenetic analysis. This survey reveals the co-occurrence of two distinct 103 
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microbial communities, a surface community that is dominated by globally distributed 104 
populations and a subsurface community unique to Mt. Erebus, demonstrating the 105 
importance of large-scale aeolian transport in the assembly of complex thermophilic 106 
communities.  107 
RESULTS  108 
Physicochemistry 109 
Biologically relevant physicochemical parameters were measured for two soil profiles 110 
from Tramway Ridge (Table 1) and limited variation between the active and passive 111 
fumaroles was observed: 65C at all sampling depths; 2.85%-4.4% gravimetric water 112 
content; pH of 8.35-8.63; 64.7-81.6 µS conductivity; 0.20-0.44% total nitrogen;  0.12-113 
0.62% total carbon. Subsurface oxygen concentrations revealed the subsurface 114 
atmosphere to be suboxic (~28% saturation) at each fumarole. While subtle, differences 115 
in physicochemistry were greater between samples taken from the active site (site A) 116 
than those from the passive site (site B) (Supplementary Fig. S1) 117 
Community structure of the Tramway Ridge ASPA fumaroles 118 
Microbial community structure was assessed by pyrosequencing multiplexed amplicons 119 
(see methods). In total, 111 OTUs were observed across all samples while the number of 120 
OTUs observed in any given sample ranged from 22 to 94(Table 2). Because different 121 
numbers of sequences were generated across all samples, the read depth was 122 
normalized through bootstrap resampling to facilitate meaningful -diversity and -123 
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diversity calculations. (see methods). Pairwise dissimilarity indices were greater (T-test 124 
p=0.051 ± 0.004) within the vertical profile of the passive fumarole (average Morisita-125 
horn dissimilarity = 0.662 95%CI: {0.197 0.957}) than the more active fumarole (average 126 
Morisita-horn dissimilarity = 0.069 95%CI: {0.030 0.103}) over all resamplings. The 127 
microbial community at both fumaroles had a marginally higher richness at the surface 128 
than in deeper substrata (Table 2) and an inverse relationship was observed between 129 
the number of OTUs observed in a sample and sampling depth (Spearman rho=-0.837, 130 
p=0.019). This relationship is consistent (bootstrap support) but weaker in resampled 131 
communities for both number of OTUs (Spearman rho=-0.717, p=0.054, 95%CI: {-0.717 -132 
0.788}, >99.9% bootstrap support for cor<0) and Chao1 diversity index (Spearman rho=-133 
0.717, p=0.054, 95%CI: {-0.717 -0.788}, 99.8% bootstrap support for cor<0). Diversity 134 
metrics that include evenness were found to be less correlated with depth but showed 135 
consistency across resampled communities: ShannonH (Spearman rho=-0.239, p=0.32, 136 
95%CI: {-0.239 -0.120}, >99.9% bootstrap support for cor<0); SimpsonsD (Spearman 137 
rho= 0.120, p=0.41, 95%CI: { 0.120  0.120}, 99.8% bootstrap support for cor>0). BEST 138 
analysis 21 failed to identify any physicochemical parameters that significantly describe 139 
variation in community structure using either Jaccard incidence distances (global 140 
p>0.10) or Morisita-Horn distances (global p>0.6).  141 
Phylogenetic and thermal classification of fumarolic taxa 142 
The Tramway Ridge fumarolic community was found to be phylogenetically diverse, 143 
spanning 16 recognized Prokaryotic divisions, 8 candidate divisions and at least 5 144 
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unclassified lineages that conceivably represent novel divisions (Figure 2, Suplementary 145 
Table S1). A few phyla such as Chloroflexi and Proteobacteria were well represented by 146 
large numbers of OTUs (10 and 16 respectively); however, they constitute vastly 147 
different portions of the community. Chloroflexi were present in all samples comprising 148 
up to 9% of all reads of a single amplicon library, while Proteobacteria was observed in 149 
only 2 samples and represent at most 1.1% of the reads in either. A single Archaeal OTU 150 
dominated the amplicon libraries, accounted for 40-60% of reads from each substratum 151 
at the active fumarole and showed much greater variation in samples from the passive 152 
fumarole (1.5-50.4%). Other prevalent taxa included Planctomycetes, Meiothermus, 153 
Cyanobacteria, and members of the OP1_GAL35 and OctSpA1-106 lineages. Of the 111 154 
OTUs that were observed at Tramway Ridge, 68 (61%) were found to be cosmopolitan 155 
and comprised between 32% and 92% of the summed relative abundances of any given 156 
sample. Cosmopolitan OTUs were further classified into one of five environmental 157 
categories based on the types of environment in which their non-Antarctic members 158 
have been observed (Table 3, Supplementary Table S1). Almost 31% (34/111) of all OTUs 159 
were classified as non-thermal and made up 5-30% of the total number of OTUs 160 
observed in resampled communities (Table 3). The surface (0-2 cm) sample from the 161 
passive fumarole in particular showed the greatest diversity of non-thermal taxa, with 162 
over 25% of all OTUs observed related to non-thermal lineages, collectively comprising 163 
8.5% of the total reads in that sample. Over both profiles, the proportion of OTUs that 164 
were classified as non-thermal decreased marginally with depth (Spearman rho=-0.717, 165 
p=0.054, 95%CI: {-0.837 -0.478}, 99.9% bootstrap support for cor<0) and the proportion 166 
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of OTUs classified as thermal increased marginally with depth (Spearman rho=0.717, 167 
p=0.054, 95%CI: {0.598 0.837}, 99.9% bootstrap support for cor>0).  168 
Networks reveal structured groups of organisms 169 
Microbial association network analysis was used to cluster OTUs into intra-correlated 170 
groups (ICGs). Network techniques are increasingly used in microbial ecology studies to 171 
infer "interactions" between individuals in a community and indicate that taxa vary in a 172 
coordinated fashion across different samples22,23. ICGs within our association network 173 
were defined as a set of OTUs that are interconnected with significant positive 174 
correlation values (r>0.8 and p<0.001). While a minority of the total diversity was 175 
captured in the six robust ICGs (26 OTUs), together these taxa account for 88-95% of all 176 
reads from any given sample.  (Figure 2). Positive correlation values below the 177 
significance threshold also reveal potential relationships among OTUs belonging to 178 
different ICGs (Figure 3a). These potential connections were strongest between ICGs 1 179 
and 2 (average r=0.600 ± 0.162 ), between ICGs 3 and 4  (average r=0.577 ± 0.108 ) and 180 
between ICGs 5 and 6 (average r=0.468 ± 0.180).  Negative correlations, which may 181 
either reflect an antagonistic or an independent relationship between sets of OTUs were 182 
also observed between the OTUs that comprise individual ICGs (Figure 3b). Negative 183 
correlations were strongest between OTUs assigned to ICG 2 and those assigned to 184 
OTUs in ICG 6 ( r= -0.806 ± 0.098). 185 
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Full length rRNA gene analysis 186 
Twelve full-length 16S rRNA genes were reconstructed from shotgun sequencing of 187 
reads from bulk environmental DNA (Supplementary Table S2) and used for 188 
phylogenetic analysis (Supplementary Fig. S2). These full-length sequences 189 
corresponded to the most abundant (>10% relative abundance in any library) amplicon-190 
derived OTUs from each sample and collectively represented the majority of total 191 
amplicons from the passive site (54-82%) and the active site (78-88%). These full-length 192 
sequences were affiliated with cyanobacterium Mastigocladus laminosus, three distinct 193 
lineages of Meiothermus, two Acidobacterial lineages, a thermally restricted lineage of 194 
Armatimonadetes, three thermally restricted Candidate Division lineages (OctSpA10624, 195 
GAL15 25,26, and OP1_GAL3525,27,28, as well as a novel Archaeal sequence. 196 
Two of the full-length sequences were examined in detail because they appear to 197 
represent lineages restricted to the Tramway Ridge ASPA. The first, belonging to a 198 
Planctomycete, closely matched the sequence from an earlier clone library from the 199 
Tramway Ridge ASPA 17, but matched no other sequence in the NCBI or Greengenes 200 
databases with more than 89% nucleotide identity. This taxon groups within a clade of 201 
environmental clones (99.97% posterior support) as a sister lineage to the 202 
Gemmataceae (>99.99% posterior support) within the Gemmatales (97.8% posterior 203 
support) (Figure 4a). A full-length sequence was also reconstructed for the novel, 204 
dominant Archaeon observed in the amplicon dataset. This particular Archaeon was 205 
most closely related (94% identity) to a single clone (GI# 14028778) from a subterranean 206 
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hot spring in Iceland29 and shared no more than 87.1% identity to any other sequence in 207 
the NCBI database. Phylogenetic analysis of this full-length 16S rRNA gene grouped it 208 
with Crenarchaeota and Thaumarchaeota, specifically suggesting that it is a deep-209 
branching relative of the Thaumarchaeota (Figure 4b). This novel Archaeon evaded 210 
amplification in a previous study 17, most likely due to mismatches in both forward and 211 
reverse primers. Archaeal sequences found in the previous study were present in the 212 
current study as rare taxa and phylogenetically affiliated with group 1.1b of the 213 
Thaumarchaeota (Supplementary Table S1 and Supplementary Fig. S2).  214 
DISCUSSION 215 
Amplicon libraries of the 16S rRNA gene were used to examine the distribution of the 216 
geothermal microbial community in vertical profiles of fumaroles found on Mt. Erebus. 217 
Two profiles were collected for analysis, one from an "active" fumarole, vigorously 218 
emitting steam, and another from a "passive" fumarole. Measured physicochemistry 219 
varied more at the active fumarole than at the passive fumarole (Supplementary Fig. 220 
S1), yet the community structure showed greater stratification at the passive fumarole, 221 
as is evident from greater community dissimilarities observed in the depth profile. 222 
Subsurface oxygen measurements were similar between the two fumaroles and no 223 
additional physicochemical parameters (pH, conductivity, Carbon, Nitrogen, Moisture 224 
etc.) were identified to play a significant role in determining community structure. This 225 
suggests that currently unidentified soil physicochemistry variables, subsurface gas 226 
composition or other unknown characteristics may play a more significant role in 227 
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determining the community structure within fumaroles than the variables measured in 228 
the current study. 229 
The microbial ecosystem of the Tramway Ridge ASPA fumaroles was dominated by an 230 
enigmatic relative of Thaumarchaeota, Aigarchaeota and Crenarchaeota  (Figure 4B) 231 
that showed very little sequence identity at the 16S rRNA gene level to other members 232 
of these groups (<89% identity). Similarly, a single lineage of Planctomycetes, nearly 233 
identical to a clone sequence previously reported for the Tramway Ridge ASPA 17 was 234 
identified as a deep-branching member of an uncultivated clade of mostly mesophilic 235 
members of the Gemmatales. In contrast, nearly all other dominant organisms were 236 
indistinguishable from cosmopolitan thermophiles that have been detected in neutral to 237 
alkaline terrestrial hot springs and associated sediments. These lineages include 238 
reasonably well-understood microbial mat taxa (Cyanobacteria and Meiothermus) as 239 
well as poorly understood divisions (Acidobacteria, OP1_GAL35, GAL15, OctSpA1-106, 240 
Armatimonadetes).  241 
Mat-associated taxa, such as Cyanobacteria, were detected in the lowest substratum in 242 
both profiles. Given the proximity of Cyanobacterial mats to fumaroles, this was not 243 
surprising, yet it presented a challenge for identifying which taxa best represented 244 
thermophiles that were specifically associated with the fumarolic mineral soils. A 245 
microbial association network (Figure 3) based on correlation of relative abundance 246 
profiles was used to separate individual OTUs into structured subcommunities of 247 
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dominant OTUs or "intra-correlated groups" (ICGs). Although only 26 out of 111 OTUs 248 
robustly clustered into 6 ICGs throughout multiple in silico resamplings, these OTUs 249 
nevertheless comprised 88-95% of amplicon reads from each sample (Figure 2) and 250 
enabled the separation of surface-associated taxa from the subsurface microbial 251 
community.  252 
Surface mat-associated subcommunities (ICGs 1 and 2) were dominated by 253 
Meiothermus sp. and Mastigocladus laminosus, the latter of which is known to 254 
dominate cyanobacterial mats at the Tramway Ridge ASPA 7. The upper temperature 255 
limit for cultures of Tramway Ridge ASPA-specific strains of Mastigocladus laminosus is 256 
approximately 60C and at the Tramway Ridge ASPA, mats do not extend across the hot 257 
steaming fumaroles 7,30,31. The presence of Mastigocladus laminosus in ICG 1 suggests 258 
that this subcommunity was restricted to cooler temperatures than 65C,  the measured 259 
temperature of mineral soils at the time of sampling and the annual mean temperature 260 
previously reported for individual fumaroles at the Tramway Ridge ASPA 17. 261 
Subcommunities defined by ICGs 1 and 2 include numerous additional lineages that are 262 
known to be associated with phototrophic microbial mats: Meiothermus sp., 263 
Bacteroidetes, Chlorobi and Chloroflexi. It is uncertain at this time whether the 264 
correlation of these taxonomic signatures with Cyanobacterial signatures indicates that 265 
these taxa were physically associated with fumarole-adjacent mats, or if it indicates that 266 
these taxa were inhabitants of the fumarole that were directly dependent on mat-267 
derived materials. These subcommunities were proportionately greater in the surface 268 
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(0-2 cm) of the highly stratified passive fumarole, and also included non-thermal OTUs 269 
(Supplementary Table S1). 270 
Subsurface subcommunities (ICGs 5 and 6) were negatively correlated (Figure 3b) with 271 
surface mat-associated subcommunities (ICGs 1 and 2) and therefore OTUs in these 272 
subcommunities are not likely to have been derived from surface mat-derived materials. 273 
We found that a novel relative of the Crenarchaeota, Thaumarchaeota and Aigarchaeota 274 
(Figure 2 and Figure 4) dominated the subsurface, as evidenced from amplicon library 275 
abundances and 16S reads from shotgun sequencing of environmental DNA. The exact 276 
relationship among the Aigarchaeota, Hot Thaumarchaeota-related Clade (HTC) and 277 
Thaumarchaeota is currently being debated in the literature32-34 and therefore 278 
phylogenetic analysis of a full-length reconstructed gene could not fully resolve whether 279 
this lineage should be included as a member of the Thaumarchaeota. Several 280 
demarcations are presented (Figure 4) that indicate robust monophyletic groupings with 281 
>99.0% posterior support and might provide reasonable phylogenetic limits to the 282 
Thaumarchaeota. In the present survey, we chose to refer to this lineage as 283 
Thaumarchaeota-like to capture this uncertainty and to differentiate between this 284 
relative of Thaumarchaeota and the recently described HTC lineages34, which forms its 285 
own, separate, well-supported clade.  286 
In addition the Thaumarchaeota-like taxon, subsurface subcommunities contained 287 
lineages of candidate divisions currently known only through 16S clone sequences. 288 
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OctSpA1-106 was originally detected at Octopus Spring in Yellowstone National Park 289 
(USA)24 and has since been detected at El Tatio Geyser Field, Chile35, Uzon Caldera 290 
(Russia)36 and terrestrial hot-spring areas in North America28,37. It has been detected 291 
only in neutral to alkaline, geothermally heated environments. The full-length 16S 292 
sequence from Tramway Ridge is 96% identical with the original type clone sequence 293 
(GI# 3800711) and 97% identical with clone GAL39 (GI# 84322458), both from 294 
Yellowstone National Park. The third lineage within ICG 6 is a member of Candidate 295 
Division OP1. However, the sequences in our dataset are highly similar (98.55% 296 
nucleotide identity over the full-length 16S rRNA gene) to members of the GAL35 Class 297 
of Candidate Division OP1, and in our phylogenetic reconstructions (Supplementary Fig. 298 
S2), this class forms a distinct Division-level lineage, as has been observed by other 299 
researchers28.  300 
OTUs were assigned to ICGs 3 and 4 were difficult to identify as either surface or 301 
subsurface-associated. The abundance of OTUs in ICGs 3 and 4 decrease with depth 302 
over the profile at the active site (site A), but are most abundant in the deepest 303 
substratum at the passive site (siteB). OTUs assigned to these ICGs include novel 304 
lineages of Actinobacteria and Chloroflexi, as well as thermally restricted lineages of 305 
Armatimonadetes, Acidobacteria, Candidate Division BH1 and OP1 (GAL35). ICG 4 also 306 
included a novel lineage of Planctomycetes that was detected in an earlier study17 and 307 
shown to be present in relatively high abundance in the current study.  This full-length 308 
sequence could confidently be assigned to the Gemmatales (97.8% posterior support) 309 
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(Figure 4a) and potentially redefines the upper temperature limit for this Order at 60-310 
65C. While the "Anammox" lineages of Planctomycetes have been detected in high-311 
temperature (>75oC) environments38,39, the previous upper temperature limit for 312 
characterized members of the Gemmatales was approximately 55oC (Isosphaera 313 
pallida40). 314 
We found that amplicons for the majority of OTUs (68/111) were highly similar (>97% 315 
sequence identity over 400 nt of the 16S rRNA gene) to clones reported from non-316 
Antarctic environments (Supplementary Table S1 and Supplementary Fig. S4). These 317 
OTUs collectively accounted for 32-92% of the amplicons in any given sample library. 318 
We propose that the taxa represented by these OTUs have likely been introduced to the 319 
Tramway Ridge ASPA through recent (in geologic terms) aeolian transport. Aeolian 320 
dispersal has also been invoked to explain the incidence and movement of mat-321 
associated Cyanobacteria, moss and algae among geothermal sites in Antarctica7,30,41,42.  322 
Atmospheric patterns suggest that South America is a likely source for Antarctic 323 
microbes. Over the glacial periods of the last 160,000 years, the majority of dust 324 
particles that were trapped in ice in Antarctica have been derived primarily from 325 
Patagonia43,44. Consistent with the aeolian input of mesophilic organisms into 326 
Antarctica, we found many non-thermal cosmopolitan OTUs at Tramway Ridge that 327 
were predominately found in the surface strata (0-2 cm) of both profiles. It is possible 328 
that these are signatures of organisms that have colonized the cooler areas adjacent to 329 
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hot fumaroles and are distributed to fumarolic locations by the harsh winds at Tramway 330 
Ridge. Alternatively, some of these organisms may actually be living in a cooler, 331 
fumarolic surface crust that is too thin to detect within the resolution of our 332 
temperature probes (~1 cm). Regardless, the detection of diverse mesophilic 333 
cosmopolitan signatures at Tramay Ridge hints that the dispersal of organisms to the 334 
site may not be limited to thermophiles.  335 
Abundant, cosmopolitan thermophiles in our dataset were classified as Mastigocladus 336 
laminosus, Meiothermus sp., Acidobacteria, OctSpA1-106, GAL35 and OP1_GAL35 and 337 
are indistinguishable from those found in geothermal environments elsewhere. This 338 
suggests that each of these lineages possess adaptations for long-range dispersal. 339 
Interestingly, these OTUs match sequences from various areas known to be capable of 340 
"super-volcano" scale eruptions, including the Yellowstone Caldera (USA)24,27, Altiplano-341 
Puna Volcanic Complex (Chile, Bolivia)35, and the Taupo Volcanic zone (New Zealand)45. 342 
Specific organisms, such as Mastigocladus laminosus, which form conspicuous microbial 343 
mats at the Tramway Ridge ASPA 7,17 have previously been hypothesized to have 344 
originated from Yellowstone Caldera and it has been suggested that they have 345 
subsequently become globally distributed through aeolian dispersal 46. Our dataset 346 
alone cannot be used to identify sources of the microbiota at Tramway Ridge, but 347 
volcanic events are readily detected in Antarctic ice cores and several of these can be 348 
traced to off-continent events47. While it remains difficult to understand how organisms 349 
might survive a typical pyroclastic eruption, a directed-blast explosion with enough 350 
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force to eject material before superheating could potentially launch organisms and 351 
debris high into the atmosphere. Granted, the types of eruptions that might be capable 352 
of such an accomplishment would be large and rare, but it has been shown that even 353 
moderately large eruptions can disperse larger, eukaryotic organisms over vast 354 
distances6. 355 
Our results show that much of the diversity at Tramway Ridge is cosmopolitan and 356 
therefore that viable cells, from diverse divisions of the tree of life, are successful at 357 
global dispersal. While this ability is well known for particular Bacterial species 11,14,48-50 358 
others, especially thermophiles, are known to exhibit evidence of dispersal limitation 359 
46,51-54. Although these categorizations are largely dependent on temporal scaling 55 and 360 
all organisms probably exhibit some level of dispersal limitation56, here we have shown 361 
that global-scale dispersal nevertheless plays a significant role in the assembly of 362 
microbial communities. On the other hand, the presence of highly abundant, endemic 363 
populations suggests that specific organisms are uniquely adapted to this particular 364 
combination of environmental factors. These endemic taxa are defined explicitly by 365 
their ability to outcompete exogenous microbes, and their inability to disperse to other 366 
habitats. In our work, this principle is shown for thermophilic communities, however 367 
there is no reason to suspect that this principle cannot be extended to mesophilic 368 
communities. We conclude that the process of microbial dispersal over global-scale 369 
distances must be considered as an important component of the general concept of 370 
microbial community assembly.   371 
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METHODS 372 
Sample collection 373 
Sediment samples were collected within the Tramway Ridge Antarctic Specially 374 
Protected Area (ASPA 130) in February 2009 from two sites (site A: 77 31.103' S, 167 375 
6.682' S and site B: 77 31.106' S, 167 6.668' E). All suggested sterilization protocols for 376 
entering into this protected site were adhered to, following the ASPA 130 Management 377 
Plan (http://www.scar.org/publications/bulletins/151/aspa130.html). Sites were chosen 378 
based on measuring a surface temperature of 65C with a stainless steel Checktemp1 379 
temperature probe (Hanna Instruments, Rhode Island, USA), sterilized with 70% ethanol 380 
immediately prior to each use. Surface "crust" was set aside prior to collecting samples. 381 
Samples were collected by aseptically removing the top 2 cm of sediment in an 382 
approximately 25cm2 area. Sediment was placed into a fresh 50 mL Falcon tube. 383 
Sampling continued with the collection of a second (2-4 cm depth) and third (4-8 cm 384 
depth) layer following the same procedures. Temperature measurements were 385 
repeated for each layer sampled.  All samples were immediately frozen, transported 386 
back to the University of Waikato frozen and maintained at -80C in the laboratory until 387 
analyzed. 388 
Physicochemistry 389 
Samples were thawed and aliquots removed for pH/conductivity, total moisture 390 
content, and carbon/nitrogen analyses. Preparation and analyses followed previously 391 
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published procedures57,58, and results are summarized in Table 1. Moisture content, pH, 392 
total carbon and total nitrogen were combined with previously collected 393 
physicochemistry data17 and examined in a principal components analysis using the 394 
"rda" function from the vegan package in R (http://www.R-project.org). Subsurface 395 
fumarolic Oxygen concentrations were measured in a subsequent trip to the Tramway 396 
Ridge ASPA (November, 2011) using a Fibox 3 LCD trace minisensor oxygen meter 397 
(PreSens Precision sensing, Germany) having been calibrated for temperature and 398 
altitude at our base camp.  399 
DNA extraction, library preparation and sequencing 400 
DNA was extracted from samples using a modified CTAB (cetyltrimethylammonium 401 
bromide) bead-beating protocol59 and quantified using the Quant-IT dsDNA HS Assay Kit 402 
(Invitrogen, Carlsbad, CA, USA). For shot-gun sequencing, a portion of extracted 403 
genomic DNA was sequenced using standard protocols for the 454-Ti platform (Roche 404 
454 Life Sciences, Branford, CT, USA) at the UCLA GenoSeq CORE. PCR amplicons 405 
containing V5–V7 hypervariable regions of the 16S rRNA gene were generated from the 406 
same genomic DNA samples using primers Tx9 (5'-GGATTA GAWACCCBGGTAGTC-3') and 407 
1391R (5'-GACGGGCRGTGWGTRCA-3') 60. PCR was performed in triplicate on each 408 
sample and pooled to reduce stochastic variation61. Three samples (site A 0-2 cm, site B 409 
0-2 cm, site B 2-4 cm) were sequenced using the 454-GS-FLX platform by Taxon 410 
Biosciences (Tiburon, CA, USA) and three samples (site A 2-4 cm, site A 4-8 cm and site B 411 
4-8 cm) were sequenced using the 454 Junior platform at the Waikato DNA Sequencing 412 
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Facility (Hamilton, New Zealand). For the three samples sequenced using the 454-GS-FLX 413 
platform, each 30 µl reaction contained 2-10 ng of DNA extract, Pfx polymerase and 414 
platinum polymerase (0.5 U each; Invitrogen), 1× Pfx PCR buffer with Pfx enhancer, 0.2 415 
mM dNTPs, 1 mM MgCl2, 0.02 mg/ml BSA, 0.8 µM of forward and reverse primer, and 416 
PCR-grade water. Thermal cycling conditions were 94°C for 2min; 24 cycles of 94°C for 417 
15 s, 55°C for 30 s and 68°C for 1 min; and 68°C for 3 min. Amplicons were size-selected 418 
and purified using polyacrylamide gel electrophoresis before being prepared for 419 
pyrosequencing by Taxon Biosciences. For the three samples sequenced using the 454-420 
junior platform, each 30 µl reaction contained 2-10 ng of DNA extract, PrimeStar 421 
polymerase (0.625 U; Takara), 1× PCR buffer, 0.2 mM dNTPs, 0.4 µM of forward and 422 
reverse primer, and PCR-grade water. Thermal cycling conditions were 94°C for 3min; 24 423 
cycles of 94°C for 20s, 52°C for 20s and 72°C for 45s; and 72°C for 3 min. Triplicate PCR 424 
reactions were pooled and gel-purified using the UltraCleanTM 15 DNA Purification Kit 425 
(MO BIO Laboratories Inc.), cleaned using the Agencourt AMPure XP Bead Cleanup kit 426 
(Beckman Coulter Inc.) and quantified (Quant-iTTM dsDNA HS Assay Kit, Invitrogen Ltd.). 427 
Cleaned amplicons were used as template (25 ng) in a second PCR reaction using fusion 428 
primers (Forward: 5'-{454 Adapter A}-TCAG-MID-Tx9-3'; Reverse: 5'-{454 Adapter B}-429 
TCAG-1391R-3'). PCR conditions were exactly the same as the first round except only 10 430 
cycles of PCR were performed. Triplicate PCR reactions were pooled and gel-purified 431 
using the UltraCleanTM 15 DNA Purification Kit, cleaned using the Agencourt AMPure XP 432 
Bead Cleanup kit and quantified (Quant-iTTM dsDNA HS Assay Kit) before being 433 
prepared for pyrosequencing using the 454 Junior platform by the University of Waikato 434 
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sequencing facility. Original pyrosequencing flowgram files have been deposited at the 435 
European Nucleotide Archive under study ERP002340 [currently private but sff files are 436 
available upon request for review]. 437 
Sequence processing 438 
Shot-gun sequencing reads were queried against a modified 16S rRNA gene database 62 439 
using BLAST63. 1033 reads returned a bit score greater than 50 (see Supplementary Fig. 440 
S3 for histogram of all bit scores) and were assembled in Newbler (Roche 454 Life 441 
Sciences) using an overlap of 200 nt and percent identity cutoff of 99% to produce near-442 
full-length 16S rRNA genes. Flowgrams for the shot-gun sequencing reads that were 443 
used to reconstruct 16S rRNA genes are available from the European Nucleotide Archive 444 
under study ERP002340 [currently private, but available upon request for review]. Near-445 
full length 16S rRNA gene sequences were aligned to 180 additional reference 446 
sequences using SINA64 and the resulting alignment was used in a Bayesian phylogenetic 447 
analysis in Bali-Phy65 with the following parameters: alignment="traditional", 448 
iterations=11000, burnin=6000. 20 independently seeded chains were initiated and 449 
independent posterior tree populations were pooled into a single posterior tree 450 
population from which consensus trees were built. 16S amplicon pyrosequencing results 451 
were processed using AmpliconNoise v1.22 to remove noise and filtered for chimeric 452 
reads using Perseus66. Reads were required to perfectly match MID sequences for 453 
processing. Sequence predictions from fewer than 3 individual raw reads or with at least 454 
one primer mismatch were discarded. Pairwise alignments/distances between sequence 455 
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predictions were calculated using ESPRIT67and reads were clustered into Operational 456 
Taxonomic Units (OTUs) using a distance cutoff of 0.03 and the average neighbor 457 
clustering algorithm (Table 2) in Mothur68. OTUs that correspond to full-length 458 
sequences (>99% identity) were classified using our calculated phylogeny with a strict 459 
phylogenetic nesting criterion while remaining OTUs were classified taxonomically using 460 
classify.seqs in Mothur with 80% confidence as a threshold, using the Greengenes 461 
alignment and taxonomic outline released in November, 2012 69.  462 
Environmental classification of OTUs 463 
Each unique amplicon sequence was queried against the NCBI nr nucleotide database 464 
using BLAST63. Reads were classified as "thermal" in the case that all database entries 465 
that matched the representative unique sequence with >97% identity had been 466 
previously observed in thermal environments, as "non-thermal" if all matches were 467 
observed in non-thermal environments and as "polythermal" if the matches were 468 
observed in a mixture of thermal and non-thermal environments. Reads for which the 469 
representative unique sequences only matched with <97% identity to any entries in the 470 
database were classified as "sub-novel" or "novel" if the nearest match was between 471 
95.5% and 97%, or <95.5%, respectively (see Supplementary Fig. S4 for histogram 472 
justifying these boundaries).  473 
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Determination of Intra-Correlated Groups 474 
OTUs were partitioned into "Intra-Correlated Groups" (ICGs) based on resampled 475 
correlation between relative abundance across all samples. First, "adjusted" relative 476 
abundances were calculated by adding a single Bayesian pseudo-count to the number of 477 
counts observed for each OTU. This allowed every OTU to have a non-zero probability of 478 
occurrence in any sample. These revised counts were used as a probability vector to 479 
resample OTUs to the same depth (1431 counts) within each sample using the sample() 480 
function in R70. Resampling was carried out 2000 times. For each resampling, Pearson 481 
correlations were calculated in a pairwise fashion between all OTU pairs using log-482 
transformed relative abundances. OTU networks were constructed based on Pearson 483 
correlation coefficients exceeding 0.8 in >99.9% of resampled communities.  484 
  485 
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FIGURE LEGENDS 698 
Figure 1 699 
Location of sampling sites in the present study. a) Location of Ross Island in context of 700 
the continent of, Antarctica. b) Location of the summit of Mt. Erebus in context of Ross 701 
Island. c) View of the summit Caldera of Mt. Erebus showing location of the Tramway 702 
Ridge Antarctica Specially Protected Area (ASPA) 130. d) Location of sampling sites A 703 
(active fumarole - orange) and B (passive fumarole - green) within ASPA 130. Boundaries 704 
of the ASPA are denoted with red lines. Entry into the northern half of the ASPA is 705 
strictly prohibited. e) Fumarole sampled as site A (active fumarole). f) Fumarole sampled 706 
as site B (passive fumarole).  Imagery provided by Polar Geospatial Center; © 2012 707 
DigitalGlobe, Inc. (fig 1a, 1c, 1d), NASA Earth Observatory (fig 1b) and S. Craig Cary (fig 708 
1e, 1f).  709 
Figure 2 710 
Abundance profiles for twenty-six OTUs that were clustered into Intra-Correlated 711 
Groups (ICGs). ICGs are referred to in the text according to numeric designations in the 712 
far left column. Bar charts were show the relative abundance of OTUs belonging to each 713 
ICG within each sample. Height of bars represents log-transformed relative abundance 714 
of each OTU in each sample. The y-axis ranges from 5 x 10-5 to 1 and is identical across 715 
samples and ICGs. Non-transformed relative abundances for each OTU may be found in 716 
supplemental Table 1.   717 
 32 
Figure 3 718 
Complete correlation network for twenty-six OTUs that clustered into Intra-Correlated 719 
Groups (ICGs). Nodes represent individual OTUs and are colored by taxonomy. OTUs in 720 
each ICG are bound within a yellow area. a) Blue lines represent positive correlation 721 
between OTUs. b) red lines indicate negative correlation between OTUs. The shade of 722 
lines are scaled according to strength of correlation as indicated by the color key. c) 723 
color key for taxonomic classifications. 724 
Figure 4 725 
Bayesian consensus phylogenetic trees of full-length SSU-rRNA genes reconstructed 726 
from shot-gun DNA sequencing for the dominant Planctomycetes (A) and Archaeal (B) 727 
taxa at the Tramway Ridge ASPA. Bipartitions were drawn at the 80% consensus level 728 
from a posterior distribution generated from 20 independent Markov chains. 729 
Bipartitions are designated as follows for posterior support: 90% < * < 99% < ** < 99.9% 730 
< *** 731 
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TABLES  732 
Table 1 733 
Physicochemical data for the Tramway Ridge ASPA samples. 734 
Table 1 | Physicochemical Parameters for Tramway Ridge Samples 
Site Active Site  Passive Site 
Depth (cm) 0-2 2-4 4-8   0-2 2-4 4-8 
Temperature 65 65 65  65 65 65 
Extracted DNA (ng/g soil) 14.9 (±5.3) 8.0 (±2.8) 0.04 (±0.02)  18.6 (±6.6) 0.9 (±0.3) 1.6 (±0.6) 
Moisture Content 3.25% 2.85% 4.40%  3.63% 4.17% 4.00% 
pH 8.35 (±0.17) 8.52 (±0.18) 8.45 (±0.18)  8.42 (±0.18) 8.63 (±0.24) 8.61 (±0.27) 
Conductivity (µS) 81.6 (±5.8) 69.1 (±1.9) 75.2 (±0.9)  76.6 (±4.4) 70.1 (±5.3) 64.7 (±2.2) 
Total Nitrogen Mass 0.20% 0.26% 0.33%  0.40% 0.44% 0.40% 
Total Carbon Mass 0.62% 0.21% 0.12%  0.20% 0.15% 0.13%  
Organic Carbon Mass 0.57% 0.26% 0.15%  0.22% 0.16% 0.15% 
Oxygen saturation 28.3% (1.03 mg/L) @ 65.5 C in Nov, 2011   27.98% (1.20 mg/L) @ 62.7 C in Nov, 2011 
 735 
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Table 2 737 
Sequencing statistics and diversity metrics for total and resampled communities.  738 
Table 2 | Sequencing and Diversity Statistics for each sample. 95% confidence estimates are reported within curly brackets. 
    Active Site    Passive Site  
Sequencing 
Stats 
Depth range (cm)  0-2 2-4 4-8  0-2 2-4 4-8 
raw  75682 8219 5535  67320 86022 7944 
Passed QC  55459 4556 2862  49496 58378 3740 
Unique (N=370)  103 60 41  120 64 75 
Average 
Neighbor 
Clustering, 
d=0.03 
No. of OTUs 
(N=111) 
 75 32 22  94 46 40 
Simpsons D  0.207 0.351 0.321  0.212 0.286 0.105 
Shannon H'  2.45 1.69 1.69  2.44 1.93 2.78 
Bootstrapped 
Sub-Sampling 
(Nreads=1431, 
2000 
iterations) 
No. of OTUs  54.5 
{50 60} 
30.6 
{28 32} 
21.8 
{21 22} 
 65.6 
{60-72} 
35.3 
{31 39} 
39 
{37 40} 
Simpsons D  0.207 
{0.193 0.222} 
0.352 
{0.333 0.371} 
0.321 
{0.305 0.339} 
 0.212 
{0.199 0.225} 
0.286 
{0.270 0.304} 
0.105 
{0.097 0.113} 
Shannon H'  2.44 
{2.37 2.5} 
1.68 
{1.62 1.74} 
1.68 
{1.63 1.74} 
 2.43 
{2.37 2.49} 
1.93 
{1.87 1.98} 
2.78 
{2.73 2.82} 
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Table 3 742 
Incidence of environmental classifications for each total and resampled dataset.  743 
Table 3 | OTU Frequency and Abundance by Classification 
   Active Site  Passive Site 
 Depth (cm)  0-2 2-4 4-8  0-2 2-4 4-8 
Average Neighbor 
Clustering, d=0.03 
OTUs (N=111)  75 32 22  94 46 40 
Nonthermal OTUs (N=34)  16 4 2  33 3 4 
Polythermal OTUs (N=10)  9 4 2  10 6 5 
Thermal OTUs (N=24)  20 14 9  19 17 15 
Subnovel OTUs (N=6)  3 1 0  3 1 2 
Novel OTUs (N=35)  25 8 9  27 17 12 
Supernovel OTUs (N=2)  2 1 0  2 2 2 
Bootstrapped Sub-
Sampling (Nreads=1431, 
1000 iterations) 
OTUs  54.5 {50 60} 30.6 {28 32} 21.8 {21 22}  65.6 {60-62} 35.3 {31 39} 39 {37 40} 
Nonthermal OTUs  9.7 {7 12} 3.8 {3 4} 1.9 {1 2}  18.9 {15 23} 2.2 {1 3} 4 {3 4} 
Polythermal OTUs  7.5 {5 9} 3.4 {2 4} 2 {2 2}  8.1 {7 10} 4.4 {2 6} 4.7 {3 5} 
Thermal OTUs  18 {16 20} 13.7 {13 14} 9 {9 9}  18.1 {17 19} 13.3 {11 15} 14.6 {13 15} 
Subnovel OTUs  2 {2 2} 0.9 {0 1} 0 {0 0}  2 {2 2} 2 {2 2} 2 {2 2} 
Novel OTUs  15.7 {12 19} 7.9 {7 8} 8.9 {8 9}  17.4 {14 21} 12.4 {10 15} 11.9 {11 12} 
Supernovel OTUs  1.6 {0 3} 0.9 {0 1} 0 {0 0}  1.1 {0 3} 1 {1 1} 1.9 {1 2} 
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Supplementary Figure S1 
 
 
Supplementary Figure S1 
Principal Component Analysis of physicochemical data of samples from the current 
study. The percentage of variance captured by each principal component is denoted 
along each axis. Samples are plotted along Principal Component axes using sample 
name (site and depth). The correlations of factors along Principal Component axes 
are denoted with arrows. Blue arrows indicate factors that were used in the PCA. 
Purple arrows denote additional factors (extractable DNA and depth) that were 
mapped onto axes post-analysis. 
Supplementary Figure S2 
 
 
 
 
 
 
 
Supplementary Figure S2 
Bayesian consensus phylogenetic tree placing full-length sequences reconstructed 
from shot-gun sequencing in context with relatives. Bipartitions were drawn at the 
80% consensus level from the posterior distribution generated from 20 
independent Markov chains. ***: >99.9% consensus support. **: >99.0% consensus 
support. *: >90% consensus support. Branches leading to taxa for which full-length 
sequences were reconstructed are colored to match figure 1 in the main text.  
Supplementary Figure S3 
 
 
 
 
Supplementary Figure S3 
Histogram used to justify BLAST bit score cutoff. Each metagenomic read was used 
as a query in a BLAST search against the Silva SSU rRNA database. 1033 reads that 
hit the database with a bit score larger than 50 were assembled into 12 full-length 
sequences.  
 
 
 
 
 
Supplementary Figure S4 
 
 
 
 
 
Supplementary Figure S4 
Histogram used for environmental classification of amplicons. Each unique read 
prediction was used as a BLAST query against the NCBI nr database. Environmental 
metadata were recovered for all hits that matched the query read with >97% 
identity and used to identify the read as either thermal or non-thermal depending 
on the type of environment the hits had been observed in. Reads were further 
identified as polythermal if the closest matches had been observed in both thermal 
and non-thermal datasets. Reads with no database matches showing >97% identity 
were classified as novel, sub-novel and super-novel based on level of percent 
identity with their best hits. These boundaries are depicted as dashed lines in the 
figure. 
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Supplementary Table S1 
Classification and relative abundance of each OTU observed at the Tramway Ridge 
ASPA. 
Supplementary Table S2 
 
 
 
Supplementary Table S2 
Classification and relative abundances of near-full-length sequences reconstructed from metagenomic data (Roche 454-Ti) 
 
